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Switched Battery DC-DC Converters for
Low-Power Applications

Carlos Augusto Berlitz, Student Member, IEEE, Emeric Perez, Student Member, IEEE, Sami Oukassi, Bruno
Allard, Senior Member, IEEE and Gaél Pillonnet, Senior Member, IEEE

Abstract—DC-DC conversion at an ultra-low operating fre-
quency is one potential solution to maintain high efficiency in
cases of ultra-low power delivery. Switched-capacitor converters
(SCCs) have an inherent limitation to operate at low frequencies
due to their charge-sharing losses. To overcome this issue,
this paper explores a new DC-DC conversion family based on
switched batteries. The so-called Switched-Battery Converter
(SBC) is derived from the SCC by replacing the flying capacitors
with batteries. The particular nature of the battery introduces
constraints but offers degrees of freedom that redraw the trade-
offs between switching frequency, charge-sharing losses, power
density, and power efficiency. We demonstrate 97% power
efficiency at 27 mW with only 100 Hz switching frequency using
a button cell (69 mm?) to achieve a 2:1 voltage conversion ratio.
We also propose a 3:1 topology and various battery experiments
to generalize the concept.

Index Terms—DC-DC converter, battery, switched-capacitor,
switching converter.

I. INTRODUCTION

OW-POWER electronic applications, especially wake-up

and always-on circuits [1], [2], demand high efficiency
and high power density DC-DC converters. Maintaining high
power efficiency is challenging as the input power budget
scales down. For example, achieving 90 % power efficiency at
1 uW means a loss power budget of 100 nW. All insignificant
leakage and switching losses in sub-mW conversion become
predominant at the p-power scale.

A DC-DC converter operates around one or more central
passive devices, traditionally capacitors and inductors, which
are the strongest contributors to the converter’s footprint.
Switched capacitor converters (SCCs) are presented as the
most popular solution for integration to reach high power den-
sity in low-power applications [3], [4]. The output impedance
of SCCs scales inversely with the operating frequency and the
values of the flying capacitors [5], [6]. The power efficiency
is directly impacted by the switching losses increasing with
the operating frequency. If we try to maintain high efficiency
at low input power by limiting the operating frequency, we
end up impacting the converter footprint. New technologies of
high-density integrated capacitors do not significantly improve
the SCC power density or efficiency due to the inherent
limitation related to the charge-sharing losses.

We proposed the usage of batteries as an alternative passive
device to address the fundamental limits of SCCs at low power
scale [7]. Batteries present a few decades higher energy storage
capability when compared to traditional devices, as shown in
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Fig. 1. Switched DC-DC converter using battery as passive device

Table I, at the expense of low power capability mainly linked
to much higher equivalent series resistance (ESR). However,
this limitation does not come into play when operating at low
switching frequency. Based on the SCC structure, we propose
a novel topology called the Switched Battery Converter (SBC),
shown in Fig. 1, which replaces traditional technology passive
devices by batteries.

The proposed topology effectively addresses the limitations
associated with lower switching frequencies in switched capac-
itor converters (SCCs) and introduces new trade-offs between
loss mechanisms and frequency by significantly reducing the
charge-sharing loss component. In SCCs, power losses can be
classified into three main categories based on their relation-
ship with the switching frequency of the converter. The first
category is switching loss, which increases proportionally with
the frequency. The second category is conduction loss, which
decreases inversely with the frequency due to the presence
of charge-sharing loss. The third category is constant leakage
loss. The optimal frequency for minimizing power loss occurs
when the switching loss and conduction loss are balanced,
thereby restricting the available sizing choices for SCCs. In
the proposed switched battery converter (SBC), the switching
loss is nearly eliminated at the expense of additional conduc-
tion loss, resulting in competitive ultra-low-power, ultra-low-
switching frequency DC-DC converters.

This work distinguishes itself from battery power manage-
ment units, which often involve battery switching to create
resilient battery packs and PV-battery interfaces for voltage
balancing [8] [9]. Battery management systems (BMS) [10]
[11] featuring dynamic reconfiguration have been introduced
as an emerging field aimed at overcoming performance lim-
itations imposed by the weakest cells in battery systems,
resulting in underutilized sections. These configurable battery
systems offer several advantages, including fault tolerance,
extended energy delivery, charge and temperature balancing,
and customized terminal voltages, while coordinating batteries



TABLE I )
OFF-THE-SHELF DEVICES SAMPLE WITH MM?® VOLUME
Metric Energy density | Power density | Power density | Voltage/current ESR Surface Volume
Passive [J.mm 3] [W.mm ™3] [uW.mm 3] rating 2] [mm?2] [mm?3]
Frequency - @ SRF/10 @ 1 Hz

Battery (V6HR) 3.6x10~! N.A 345 0.018 A 6 35.2 74

Capacitor [12] 33x10~6 2 33 6.3 Vdc 15x10~3 31.4 60

Inductor [13] 70x10~° 0.01 0.07 0.145 A 29 16 69
of different ages and chemistries. In our proposed system, 0 -
batteries are used as intermediate storage elements, meaning _
that each battery does not change its state of charge (SoC) after E o 1
one switching period during the DC-DC operation. In other g [T TTHN TTTH ] ket i
words, only a small fraction of the battery’s energy capability E ST LT ddeerr
is utilized during the period, serving as an intermediate energy g ol I A
reservoir. To the best of the authors” knowledge, the utilization ?_) LT = Discrete Capacitor
of batteries in this specific context has not yet been covered Elo - = Battery
in the literature. = Inductor

0] T o’ T 7 6

A first SBC demonstration was described in our previ-
ous paper [7]. This article introduces a detailed comparison
with SCC in a 2:1 configuration in section III, analysis of
battery behavior (self-biasing, state of charge, lifetime), and
the impact of different chemistries in section IV. In section
V, we also introduce multiple-battery SBCs to generalize the
approach.

II. BATTERY AS A FLYING PASSIVE DEVICE

The conversion of electrostatic and electromagnetic energies
into electrical energy is faster than the chemical one, making
batteries have higher electrical time constants and a slower
dynamic response. Batteries, as a flying device inside a DC-
DC converter, introduce a limitation in switching frequency.
In an SCC, this is favorable in terms of losses but not
output voltage ripple. However, having a high time constant
constitutes a kind of electrical energy inertia, which also
contributes to reducing the voltage ripple across the batteries’
terminals and the output voltage.

Batteries excel in energy density when compared to tradi-
tional passives of similar dimensions, as shown in Table 1. Due
to the first-order correlation between power density and operat-
ing frequency for capacitors and inductors, as shown in Figure
2, it can be observed that batteries outperform traditional flying
passive components in terms of power density, even when their
equivalent series resistance (ESR) is three times higher than
that of capacitors. Therefore, the focus of this paper is on low
output current DC-DC converters (<10mA), where conduction
losses are not the primary concern for maintaining decent
power efficiency. As highlighted in previous studies [14] [15],
very low-power DC-DC converters require ultra-low switching
frequencies to maintain low switching losses, which result
in larger components to achieve low output ripples. In some
cases, the required component size is comparable to that of
converters with much higher power delivery capabilities. This
paper aims to address the question of the potential power range
where the switched battery converter (SBC) could serve as a
credible alternative to switched capacitor converters (SCC).
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Fig. 2. Battery power density advantage at low operating frequency

Miniaturization of solid-state batteries is improving, and the
energy density offers high value even at the mm? scale [16],
[17]. Liquid electrolyte batteries require a larger packaging
solution but are capable of higher output power. Solid-state
thin film batteries (TFBs) with a total thickness down to 100
um [16] can be integrated directly onto silicon substrates,
presenting much higher energy and power density. This opens
up the possibility of small packaging battery management
systems such as [18].

III. SWITCHED-BATTERY CONVERTERS

The proposed switched-battery converter (SBC) incorpo-
rates at least one battery as the central flying passive com-
ponent. This introduces a new set of challenges for defining a
DC-DC converter state sequence. First, the need to keep the
battery within its regular voltage operating limits poses the
challenge of finding a set of phases in which the arrangement
of components maintains the output voltage at the desired
level. Second, there is a need for sequencing the phases to
maintain charge balance throughout the converter cycle.

During the SBC steady-state operation, the battery is subject
to at least one charging and one discharging phase. During
these phases, the charge flowing through the battery should
be smaller (<<1%) than the battery’s overall rated capacity.
Due to this very small depth of discharge (DoD) operation, the
battery works in a p-cycle manner, as introduced in [7]. This
u-cycle operation ensures that the DoD does not affect the
battery’s average voltage while expanding the battery’s cycle
life dramatically [19].

A. Sequence of States

The proposed SBC uses different topology phases (a fixed
state of connections between the devices) sequenced in a



particular way, forming a cycle. This cycle repeats during
steady state operation.

As is the case with SCC, different cycles allow for different
voltage conversion ratios. For a working cycle to be convenient
in the SBC, it has to fulfill the following criteria: i) the average
voltage across each battery has to remain fixed around their
operational voltage (dictated by the battery’s electrochemical
reaction), ii) the energy given/received by each battery has to
achieve balance during one cycle, iii) the voltage created by
a battery network arrangement and the input source has to be
equal to the output voltage in all phases.

The study here is limited to cycles using phases of equal
time duration. This restriction aims at reducing the scope but
is not related to any SBC topology limitation.

B. Power Efficiency Analysis

Differently from the SCC, the SBC does not present intrinsic
charge sharing losses. Apart from the static losses due to the
control of the switches, the oscillator and overall quiescent
consumption, the losses in a SBC are dominated by the con-
duction losses. We can model the SBC assuming an ideal DC
voltage conversion ratio under no load condition, represented
by an ideal transformer and all conversion losses caused by an
output impedance R,,; creating an output voltage drop [20].

Despite similarities in topology between the SCC and SBC,
both systems present different loss mechanisms. However,
due to the well established SCC formalism and model, we
start the analysis of the SBC dynamic losses analyzing the
SCC approach. As presented in [20], SCC converters operate
in either one of two operating conditions, or between them.
One of the drawbacks mentioned refers to low switching
frequencies, where losses and output impedance are primarily
determined by the limited charge storage capability of capac-
itors, leading to what is known as the slow switching limit
(SSL) [21]. In this regime, the output impedance is observed to
be inversely proportional to the switching frequency for SCC.
However, in the case of batteries, the relationship between
transferred charge and voltage is not linear. As a result, the
voltage drop across the batteries during operation remains
nearly independent of the switching frequency. This implies
that the output impedance does not increase significantly
with low-frequency operation. The other operating regime is
referred to as the fast switching limit (FSL), which occurs at
high operating frequencies in SCC. In this regime, the output
impedance and losses are primarily influenced by the on-state
resistances of the switches and the equivalent series resistance
(ESR) of passive devices.

The frequency of the inflection point between FSL and
SSL (f1sm) is given by [20] as the inverse of the product
between the switch on-state resistance and the capacitance
of the flying capacitor. The circuit is operating in FSL if
the operating frequency is greater than fy;,,, and in SSL
otherwise. As the SBC uses a battery as the flying passive,
we consider the equivalent capacitance to be infinite (f;, is
equal to 0) and the circuit is thus always operating in FSL.
As the output impedance is frequency independent, the SBC
losses are dominated by the conduction losses, and it is natural

to start the analysis of SBC losses by the FSL equivalent
resistance derived from [20] given by:

Ri(ar;)?
Rpsi, = Z D, (1)

Where R; is the on-resistance of the " switch, D; is the
duty cycle of the i*" switch, and ar; is the normalized charge
flow through each switch during the phase in which the i*"
switch is on. The values for a,; are determined by circuit
inspection and normalized by the total output charge, gy,
similarly to [20].

However, the SCC’s Rpgy;, does not take into account
the flying passive series resistance, as capacitor ESRs are
generally negligible against the on-resistance of the switches.
Batteries, on the other hand, have more internal impedance
than the ESR of any common flying capacitor, which can
impact the overall equivalent series resistance of the converter
meaningfully. Adding the internal resistance of the battery to
(1) gives the equivalent output resistance of the SBC converter
to be defined as:

. . )2
+ Z Rznt,é?b,]) (2)

J
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Where R;,; ; is the internal resistance of the jth battery,

D; is the duty cycle in which the j'* battery is utilized and

ap,j is the normalized charge flow through the battery while

it is being used. Circuit inspection is used to obtain the value

of ap; and later is normalized by the total output charge,

Gout Similarly to a, ;. This result allows to estimate SBC’s
conversion losses using only structural parameters.

IV. PERFORMANCE COMPARISON: SCC vs SBC

The purpose of this comparison is to assess the per-
formance of SCC (Switched Capacitor Converter) against
SBC (Switched Battery Converter) specifically at ultra-low
switching frequency, in the Hz range. The motivation behind
this investigation is rooted in previous findings that highlight
the need for high efficiency in low-power delivery scenar-
ios, which can be achieved by operating at extremely low
switching frequency to minimize switching losses. In this
context, conduction loss is not the dominant factor, which
provides an opportunity for SBC to excel despite the battery’s
ESR (Equivalent Series Resistance) being several orders of
magnitude higher than the one of capacitors. However, it is
worth noting that the operating frequency range is suitable for
SCC, as charge sharing loss increases inversely proportional
to the frequency. To maintain a competitive edge for SCC,
we have opted to use the same component size, enabling the
utilization of larger flying capacitors to partially compensate
for the reduction in switching frequency.

The proposed SBC is compared to a SCC using the same
power stage circuit (Fig. 3a) at the same output power
levels and operating frequencies. The capacitor and battery-
under-test (BUT) have similar dimensions. The SBC circuit
is shown in Fig. 3b. The circuit is implemented using a



commercial switched-capacitor voltage converter integrated
circuit (LM2663).

The circuit uses a 2:1 topology operating in two phases.
In phase ¢, the input voltage source V;, provides charges
(Qg,) to the flying passive device (respectively, the battery
for the SBC configuration and the capacitor for the SCC one).
In phase ¢9, the flying passive device is directly connected
to the output, providing charge )4,. Under normal operation
output node of the SCC is connected to a large output capacitor
while SBC output node is directly connected to the load.

in 1

Sflying
battery

V. Vout

load

(b)

Fig. 3. (a) 2:1 converter power stage electrical schematic and (b) implemen-
tation of 2:1 SBC using LM2663 and V6HR

The off-the-shelf IC LM2663 includes an oscillator whose
frequency can be adjusted externally using a network of
capacitors. The IC has a footprint of 19 mm?, which is similar
to the BUT and flying capacitor used in the experiment and are
of equivalent dimensions as presented in Table I. The VOHR
BUT used in the experiment is a NiMH device, which is
considered to be a safer technology than others, as Li-Ion.
Moreover, the NiMH technology also offers an open circuit
voltage level of 1.2 V £10% ) which is suitable for the
implemented 2:1 topology that converts 2.6 V (V;,,) into 1.3
v (Vout)'

Using equation (2), the SBC’s equivalent output resistance
is calculated to be 6.4 ). As explained in Section III-B,
this value is largely independent of the switching frequency
but is strongly influenced by the internal battery contribution,
which accounts for approximately 90% of the total equivalent
output resistance. The converters are compared over a range of
operating frequencies spanning three orders of magnitude (100
Hz, 1 kHz, and 10 kHz) and with an output current ranging
from 100 pA to 30 mA. These current values represent 1/6 C
up to 5 C of the BUT, which are within its regular operating
limits.

A. Steady-State Operation

A typical operation curve of the SBC configuration (without
output capacitance) in steady-state 2:1 is shown in Fig. 4a,
where appears a similar behavior of the output voltage V,,; is
observed during ¢, and ¢-, with a small difference in average
value. During ¢1, V,,; is the result of the difference between
the input voltage V;,, and the battery voltage Vj,¢, while during
@2 the battery is connected directly to the output. Vj, exhibits
a different behavior in both phases (Fig. 4b). It highlights the
two kinds of the ripple present in V4, as introduced in [7]:
an ohmic drop and a redox drop. The former is an almost
instantaneous ohmic IR drop V;r due to the BUT internal
resistance, and the latter is the redox voltage V.40, caused
by the redox reactions due to the u-cycling [7].
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Fig. 4. Experimental steady state operation of a 2:1 SBC at 100 Hz: (a)
output and battery voltages and (b) battery voltage ripple

B. Relative Output Voltage Ripple

A large output voltage ripple is unacceptable in most appli-
cations [22], making it a key performance benchmark in DC-
DC converters. For SCCs of a given passive size, the output
voltage ripple is highly degraded by a low operating frequency.
Since the SBC operates at low and ultra-low frequencies, it
is of high importance that it maintains an acceptable output
voltage ripple.

Fig. 5 shows the relative output voltage ripple versus the
output current at 0.1 and 10 kHz for the SBC and SCC,
respectively. The SBC topology, which operates without any
output capacitance, exhibits an output voltage ripple of less
than 5% even at a frequency of 100 Hz while delivering
20mA to the load. On the other hand, the SCC, lacking an



output capacitor, experiences an output voltage ripple reaching
over 30% under similar conditions. To reduce the ripple to
a comparable level, a bulky 5.0F output capacitor has been
added to the SCC leading to the results shown in Figure. 5.

Without output capacitor, the SBC presents moderate output
voltage ripple at low operating frequency, thus reducing the
switching loss. Ripple in the SCC is caused by the capacitor’s
fundamental principle of having the voltage between the
terminals of the device directly dependent on the amount of its
stored charge (QQ = C'V). For the SBC, as explained in Section
I, the voltage between the battery’s terminals is not directly
dependent on the quantity of transferred charge. The lower
ripple of the SBC then comes from the battery presenting
a higher electric inertia compared to a capacitor. The slow
change in the battery voltage is related to the V. 4., effect
seen in Fig. 4b, related to the redox chemical reaction inside
the battery.

0.08 SBC @10 kHz
s SBC @0.1 kHz

0.06 e SCC@10kHz
SCC @0.1 kHz

Relative Ripple

Tout [mA]

Fig. 5. Comparison of relative output voltage ripple between 2:1 SBC and
2:1 SCC

C. Power Efficiency

As the whole circuit is powered by V;,, the input power
includes the control of the switches, the oscillator and overall
quiescent consumption of the off-the-shelf IC.

The efficiency of the SBC is presented at three different
frequencies and different current amplitudes in Fig. 6a. As
detailed in III-B, the conduction losses and thus overall
efficiency of the SBC is highly independent of the switching
frequency. A small difference is seen for low output currents
due to the quiescent current of the active circuit itself (from
30 to 50 pA). Fig. 6b gives the performance at 100 Hz for the
SCC (which uses a large output decoupling capacitor) against
the SBC (with no output capacitor).A focus around the 2.5 mA
operating point is provided for different switching frequencies.
Peak efficiency is reached at the lowest switching frequency
(e.g. 0.1 kHz) for SBC but at the highest switching frequency
(e.g. 10 kHz) for SCC.

The SBC presents better efficiency than the SCC at low op-
erating frequency as the SSL losses of the SCC (such as charge
sharing losses) are noticeable, decreasing the SCC efficiency.
As explained in Section III-B, the SBC does not feature an
SSL regime. Besides the SBC'’s efficiency is strongly impacted
by the internal resistance of the battery (which is higher than
the SCC’s capacitor ESR). This higher resistive component is
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Fig. 6. Efficiency of the 2:1 SBC: (a) independence of frequency and (b)
advantage against SCC at 100 Hz

still less important than the SSL component of the SCC at low
frequency.

The efficiency gain in favor of the SBC at low output current
is higher for moderate and low frequencies when operating
without output capacitance. The SCC equivalent output re-
sistance at high frequency is dominated by the FSL effects,
matching the analysis detailed in Section III-B presenting
similar losses and performance as the SBC.

The battery configuration manages to hold a high efficiency
(>90%) for a respectable output current range (up to 20 mA).
The SBC’s maximum output power maintaining such high
efficiency is approximately 27 mW at 100 Hz, and 32 mW
at 1 kHz and 10 kHz. A rule of thumb gives an estimate of
the power volume density of 364 uW/mm? at 100 Hz and 432
uW/mm? at 1 kHz and 10 kHz (referred solely to the battery’s
volume).

D. Battery Voltage Self-Adjustment

The battery self-adjusts its voltage to achieve charge bal-
ance, similar to how capacitors do in SCC, by changing
its voltage towards the steady-state operation voltage value
imposed by the topology during SBC operation, such as in the
2:1 configuration where Vi: = V;,,/2), in a kind of Battery
Voltage Self-Adjustment (BVSA). This behavior poses no risk
to battery life, provided that the voltage remains within the
battery’s voltage limits for charge and discharge.

To further clarify, the BVSA process causes the battery
voltage to converge towards the steady state value imposed
by the SBC topology, which ensure that the average output
voltage remains constant. However, during the convergence



time, the battery voltage, and thus the output voltage, may
experience some ripple. This ripple reduces as the BVSA
process progresses and eventually reaches a minimum point.
The BVSA mechanism reveals that the battery functions as a
steady voltage provider within short-term, while adopting the
characteristics of an adjustable voltage source (resembling a
capacitor) over extended periods.

The efficiency during the power-on dynamic may be af-
fected by the BVSA process depending on the initial voltage
of the battery. If the battery’s initial voltage is higher than the
required steady state value, the efficiency will start at a high
value and gradually decrease until it reaches a steady state
value. On the other hand, if the battery’s initial voltage is lower
than the required for steady state value, the efficiency will start
at a lower value and gradually increase until it reaches a steady
state value.
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Fig. 7. Impact of frequency and current on the battery voltage evolution
during power-on dynamic in the 2:1 SBC

The large electric inertia of batteries results in longer
settling times to reach a steady-state voltage. The settling time
is independent of the operating frequency in the 2:1 topology,
as observed experimentally. However, the output current does
have an impact on the output voltage transient during power-
on dynamic, as shown in Fig. 7. For an output current of 20
mA, it takes more than 85 minutes (500 thousand cycles) to
reach a steady-state voltage at 100 Hz, and about half this time
at 1000 Hz, which is 10 times higher frequency. In both cases,
the battery starts with a similar voltage (1.254 V at 100 Hz and
1.257 V at 1000 Hz). At the same frequency (1000 Hz), the
current and the transferred charge are preponderant factors in
the output voltage evolution. For example, at 20 mA, it takes
around 5 minutes for a 24 mV increase in battery voltage,
whereas it takes 50 minutes for a gain of 13 mV at 1 mA.
In both cases, we are in the exponential part of the voltage
increase.

E. Charge Balance and Lifetime

Battery charge balance is a crucial aspect of the SBC
operation, as the battery must receive the same amount of
charge that it supplies to the load. However, achieving per-
fect charge balance over each complete cycle is not always
possible, especially in symmetrical cycles (where each phase
has the same duration). Despite this, experimental data has
shown that small imbalances over duty cycles are still able

to achieve steady-state operation. This is due to the self-
balancing behavior of the battery, which adjusts its voltage to
reach the required charge balance. In steady state operation,
the voltage of the flying batteries changes towards the steady
state operation voltage value imposed by the topology. This
behavior presents no risk to battery life as long as the value is
still inside the battery’s voltage limits for charge and discharge.

One of the primary concerns regarding the utilization of
batteries in DC-DC converters is their limited lifetime, typi-
cally spanning from 103 to 10* fully charge/discharge cycles.
However, the battery employed in the SBC configuration
experiences a significantly higher number of cycles due to the
Hz range of operation. Even at a conservative frequency of 1
Hz, a 10-year operation would necessitate supporting nearly
one billion cycles. Nevertheless, the battery in SBC introduces
a unique scenario compared to conventional battery usage: it
operates with an extremely low depth of charge, approximately
1 ppm. This characteristic fundamentally changes the perspec-
tive when evaluating its lifetime within this particular context.
To address this concern, we conducted a comprehensive long-
term experiment over several weeks at 1 kHz, subjecting
the battery to over one billion micro-cycles. Following the
experiment, we evaluated the battery’s performance by analyz-
ing the Q(V) curve and observed no significant degradation.
This finding suggests that the impact of SBC operation on
battery performance differs significantly from regular battery
usage, which involves almost fully charge/discharge cycles.
Moreover, as mentioned in Section IV-D, the capacitive com-
ponent of the battery’s charge transfer mechanism plays a role
in extending its lifetime by reducing electrochemical stress.
Consequently, the battery in SBC operates not only in battery
mode but also in capacitive mode, effectively mitigating its
electrochemical degradation. Additionally, the relatively low
current levels used in the SBC (compared to typical battery
usage) may also help to reduce degradation over time [23].
However, it is important to note that battery degradation can
be a complex and multifactorial phenomenon, and further
research may be needed to fully understand the long-term
impact of SBC operation on battery performance.

FE. Battery’s Chemistry Impact on SBC

A limitation of the 2:1 configuration is that the output
voltage (V,,:) needs to be at the same voltage range as the
battery voltage (Vjq:). Despite the battery’s self-adjustment
mechanism detailed in Section IV-D, this behavior remains
very limiting, as the battery’s operating voltage limits are
quite restrictive. To explore other output voltage values, one
solution is to use different battery chemistry, such as Li-
Ion, for example. Such battery chemistry can also have other
advantages and disadvantages when used in a SBC.

To experiment with a Li-ion battery (TS621E) with similar
dimensions to the previous NiMH device, the same setup
and voltage ranges were used, despite the Li-ion having a
larger voltage range capability (1.5 V). The Li-ion has a lower
nominal capacity (2.5 mAh compared to 6 mAh) but still
managed to maintain high efficiency (>90%) for an output
current range of 2 mA at frequencies of 100 Hz and 1 kHz.



With such high efficiency, the 2:1 SBC using a Li-ion battery
has a peak output power of 2.57 mW at 100 Hz and 2.74 mW
at 1 kHz, representing a power volumetric density at 100 Hz
of 34.7 uyW/mm? (referring solely to the battery’s volume). A
peak efficiency of 97% is achieved despite the lower power
density. The battery’s nominal capacity is not expected to
affect the power output at first order, and at second order the
reduction in the nominal battery capacity creates an increase
in the internal resistance.

Another explored battery chemistry is a solid-state battery
having a LiCoO- cathode, LiPON ceramic electrolyte, and
a lithium anode. The thin film battery is implemented using
the same 2:1 SBC circuit but converts 7.6 V into 3.8 V. The
EFL700 thin film battery (STMicroelectronics) has a larger
internal resistance (around 10 times that of the NiMH) and
a limited nominal capacity of 1 mAh. The peak efficiency
is 78% at 1 kHz and 76.8% at 100 Hz for 2 mA output
current. Keeping an efficiency of 70%, it manages an output
power of roughly 24 mW at both frequencies, reinforcing
the frequency independence. Such power represents a power
volumetric density of 200 uW/mm?. The higher density can be
attributed to the thin film battery’s form factor (low thickness
with a larger surface) and higher operating voltage.

The results show that different battery chemistry still present
acceptable performances to the 2:1 SBC, as long as they are
kept operating with a very small depth of charge, even for
batteries with low capacity. However, lower capacity linked
with a higher internal resistance has an impact on a smaller
output current range when operating at high efficiency. The
higher voltage operating range benefits when exploring higher
output power to some degree, as the capacity and internal resis-
tance still limit the achievable output current. Some batteries
also present a wider voltage range, favoring the exploration
of flexible operating conditions. Nevertheless, as the tested
batteries also presented the self-adjustment behavior described
in Section IV-D, it is clear that they successfully enable a wider
operating voltage range for the 2:1 SBC.

V. SWITCHED MULTIPLE-BATTERIES CONVERTERS

Despite the wider operating voltage range enabled by differ-
ent battery chemistries, it remains somewhat restrictive as the
magnitudes of the batteries’ voltages do not vary significantly.
Additionally, the output voltage continues to have a strong
correlation with V3,4, as previously illustrated. In an effort
to mitigate these limitations, we have investigated the use of
multiple batteries in the SBC configuration, which opens up
the possibility of operating with multiple phases. It is not
necessary for each battery to be identical or have the same
voltage. The exploration of multiple switched batteries also
aims to expand the range of available voltage ratios for the
converter.

A. Systematic Topology Exploration

To identify operational cycles utilizing multiple switched
batteries, we must still adhere to the limitations outlined in
Section III-A. In addition to these individual phase restrictions,
we must also fulfill the following conditions:

Vourj = 0,5 Vin + Y @i Viar,ij 3)
7

Here, V. ; represents the output voltage of the jt" phase,
Vbat,i,; denotes the battery voltage of the it" battery during
the j*" phase, and a;; = —1/0/ + 1 signifies the *"
element during the j** phase (where element O corresponds
to the voltage source). The value of a; ; indicates whether the
element (either the voltage source or one of the batteries) is
disconnected (0), connected in series to the load in a positive
orientation (1), or in a negative orientation (-1). In this context,
a positive orientation implies that the element adds voltage
relative to the ground, leading to a higher V,,;, while a
negative orientation subtracts voltage towards a lower V,;.
Additionally, we impose the condition that for each phase, at
least one of the batteries must be connected to the load.

In order to identify suitable SBC cycles using multiple
batteries, we conduct a semi-exhaustive search. To simplify
the algorithm and reduce computation time, we restrict the
search to the use of two groups of batteries (Viq¢,1 and Vigy 2).
Figure 8 illustrates the possible conversion ratios Vi, /V,u:
for multiple-battery SBC, plotted against the Vyq; i/ Vi ratio.
The value of Vj,; ; corresponds to the value of V4 1 and/or
Vbat,2, as some cycles utilize both batteries at the same voltage
level. For example, choosing V;,/Vou: = 3 (a 3:1 SBC)
offers numerous options for Viue;/Vour. However, not all
combinations of Vp.¢ 1 and/or Vi, o can yield a functional
cycle. For instance, there may be a working cycle with one
group at 4 - V,,,; and the other at 1-V,,;, but not with 4 -V,
and 2 - V.

The highlighted configuration in Fig. 8, which corresponds
to a 3:1 SBC, has been experimentally validated. This config-
uration utilizes Vjq¢,1 and Viqe o at the same voltage level of
2 - Vout, resulting in Vigy ;/Voue of 2 for both batteries. The
implemented configuration involves both groups, with a single
flying battery each (B1 and B2), operating in three phases as
depicted in Fig. 9b. During phases ¢; and ¢, V;, supplies
charges (04, and ), ) to batteries B1 and B2, respectively. In
phase ¢3, both batteries release charge ()4, to the circuit. Since
the durations of all three phases are equal (g, = tg, = t¢;)
and I,,; remains constant throughout the cycle, it follows that
Qs, = Qs, = Q4,. By exchanging equal charges over the
three phases, B1 and B2 maintain charge balance throughout
the cycle.

Fig. 9b illustrates that during phase ¢3, the voltage source is
connected in the opposite polarity to V,,;, resulting in energy
being received from the circuit. This behavior is unconven-
tional in typical DC-DC converters, where the voltage source
usually only provides energy to the circuit. However, in the
case of the 3:1 SBC configuration, this unorthodox behavior is
necessary to achieve charge balance and to reduce the strong
dependence between V. and V.

Fig. 9a depicts the power stage circuit of the 3:1 SBC
topology. The switches in the circuit carry a current of either
I,,+ or 0, depending on the phase. With the exception of
Si e and S 4, each switch conducts current only during one
phase. Table II presents the voltage values across the switch



TABLE II
VOLTAGE ACROSS SWITCHES AND BATTERY CHARGE MOVEMENT IN EACH PHASE OF 3:1 SBC

Phase Voltage across terminals Charge
S1,a S1,6 Ste | 52,a Sa.b S2.c Si.a Sib Bl B2
b1 0 0 z z Z 0 Vin/3 | +Q 0
¢2 V4 V4 V4 0 Vzn/3 0 Vzn/3 0 +Q
¢3 0 ‘/7.71/3 0 0 Vin/3 0 ‘/7,77./3 0 _Q _Q

Vin/ Vout

5 6 7 8 9 10
Vibat/Vout

Fig. 8. SBC conversion ratios depending on V44 /Vout. Yellow dots denote
a possible conversion ratio.
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Fig. 9. 3:1 SBC topology: (a) electrical schematic and (b) operating phases

terminals. It can be observed that the maximum voltage across
the switch terminals is V;,,/3. This value represents a low
power requirement for the switches. In comparison, in a 3:1
series-parallel SCC, certain switches would need to withstand
a voltage of 2/3 -V}, across their terminals when open while
still conducting a current equal to I,,,; when closed.

B. Experimental Validation

The proposed 3:1 SBC configuration is implemented using
both batteries, B1 and B2 (2V15H), which operate within
the voltage range of 2 V to 2.8 V. With both batteries
operating at 2 times the output voltage, the conversion range

of the 3:1 SBC is suitable for input-to-output voltage ratios
ranging from 3-to-1 up to 4.2-to-1. For the implementation, a
battery voltage of 2.5 V is chosen, resulting in the 3:1 SBC
converting an input voltage of 3.75 V to an output voltage
of 1.25 V. Off-the-shelf CMOS analog switches (MAX4678)
are used in the implementation, controlled by an external
circuit that generates the three phases of equal duration. The
equivalent output resistance can be calculated using Equation
(2), which yields a value of 8.7 ). It is important to note
that a significant contribution (31%) to this value comes from
the internal resistance of the batteries, as discussed in Section
III-B. This contribution is less prominent compared to the 2:1
SBC configuration but still larger than the contribution of the
equivalent series resistance (ESR) in any SCC circuit.

1.45
1.40 — Vout
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Fig. 10. 3:1 SBC output voltage waveform

The 3:1 SBC exhibits a settling time before reaching steady-
state operation, during which both batteries (B1 and B2)
demonstrate the self-adjustment behavior described in Section
IV-D. Although the voltages of the two batteries were not
exactly equal prior to the experiment (in open circuit), they
both eventually reached a voltage of 2 times the output voltage
required by the topology, with a minor voltage difference of
10 mV between them. Output voltage waveform of the 3:1
SBC is shown in Fig. 10.

Fig. 11 depicts the measured and calculated efficiency of the
3:1 SBC for various output currents,excluding control circuitry
power consumption. Measured values are provided for two
operating frequencies (100 Hz and 1 kHz) for both configu-
rations. The calculated efficiency utilizes the previously de-
termined frequency-independent equivalent output resistance.
The average difference between the measured efficiency and
the calculated efficiency is less than 1%. Similar to the 2:1
SBC configuration discussed in Section IV, the efficiency per-
formance of the 3:1 SBC is relatively unaffected by frequency,
within the limitations imposed by the range of ion mobility in
the battery.

A high conduction efficiency (>90%) is achieved for an



output current exceeding 10 mA, even at a low switching
frequency of 100 Hz, without the presence of any output
capacitance. With this sustained high efficiency at 100 Hz, the
3:1 SBC achieves an output power of 15 mW, corresponding to
a power density of 60 yW/mm? (considering only the volume
occupied by the batteries). In comparison to the 2:1 SBC
that utilizes a different battery type, the 3:1 configuration
offers nearly six times lower power volume density. Both
topologies provide a similar output voltage range, but the
3:1 SBC employs twice the number of batteries (with both
connected in series during phase ¢3), and each battery has
larger dimensions. Additionally, the 3:1 circuit introduces
increased complexity and necessitates additional switches (8
compared to the 4 in the 2:1 SBC), further limiting the
achievable power density.
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Fig. 11. Conversion efficiency of 3:1 SBC at different frequencies

Fig. 12 illustrates the relationship between the output volt-
age ripple and the output current for the 3:1 SBC at two
distinct operating frequencies, namely 100 Hz and 1 kHz.
Once again, these measurements were conducted without the
presence of any output capacitance. The plot demonstrates
that the output voltage ripple stays below 5% even at a low
switching frequency of 100 Hz, with an output current of
approximately 30 mA. Notably, this ripple level is lower than
the corresponding value obtained with the 2:1 SBC under the
same output current conditions.

In the case of the 3:1 SBC, the contribution of the batteries
to the voltage ripple is advantageous due to their internal
impedance, even when two batteries are connected in series
during phase ¢3. This contribution can be equated to the term
Vir as depicted in Fig. 4b. Unlike the 2:1 SBC, which operates
with only two phases, the 3:1 SBC employs three phases of
equal duration. Consequently, the switching frequency of the
3:1 SBC is 1.5 times higher than that of the 2:1 SBC for
the same cycle period. The higher switching frequency has a
minor yet beneficial impact on the output voltage ripple at the
same operating frequency.

VI. DISCUSSION

Previous studies on ultra low-power DC-DC converters [14]
[15] required operating at low frequencies in the Hz range to
minimize switching losses, resulting in larger switched com-
ponents (inductors or capacitors) to maintain acceptable output
ripple. This paper presents batteries as an alternative solution
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Q
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&
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o
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Fig. 12. 3:1 SBC low voltage output ripple in both frequencies (100 Hz and
1 kHz)

in low-power applications where conduction loss is not the
primary concern. However, the usage of batteries is mainly
limited for high-power levels by their relatively high equivalent
series resistance (ESR) compared to capacitors and inductors,
which is a result of physical laws. Consequently, batteries are
more suitable for low current DC-DC converters. To further
improve power capability, a co-optimization of circuit and
battery design could be beneficial. Existing batteries derouted
from their primary application of long-term energy storage
have a dominant limitation of series resistance. However, the
design of new batteries to obtain lower internal resistance
while maintaining low DoD (<<1%) could be envisioned in
the future.

Despite a limited power-capability of the battery in com-
parison to existing SCC using flying capacitor, the SBC offers
an undeniable advantage. Indeed, a key difference between
these two architectures is that SCC experiences a natural trade-
off between its inherent charge-sharing losses and switching
losses at low power levels [24]. Following equation gives the
condition to meet in the case of 2:1 SCC:

1
4Cflyfsw

With f,, the switching frequency, Cy;, the flying ca-
pacitance, I,,; the load current, (), the summed transistor
gate charge and V, the transistor gate-source voltage swing.
We deduce from (4) the optimum frequency to maximize
efficiency:

IOQut = fstngs (4)

. 1

fsw /740]011/@9‘/;]5 Iout (5)

Hence SCC switching frequency at low output power level
cannot be scaled down to any value but is limited by this
tradeoff. To decrease f7,, or, equivalently, improve efficiency
(at constant charge-sharing losses), the flying capacitance C'y;,
has to be increased, what degrades the power density of the
converter. In contrast, SBC doesn’t face this tradeoff, allowing
its switching frequency to be reduced as much as needed to
enhance efficiency at lower output power levels. This results in
the existence of a critical-power operating point. Beyond this
point, SCC outperforms SBC due to its lower equivalent series
resistance (ESR). However, when operating at power levels



below this critical point, SBC exhibits superior efficiency due
to its consistent output impedance across different frequencies.

An interesting and unexpected behavior observed in the
SBC is its hybrid nature, exhibiting characteristics of both a
battery and a capacitor. The DC biasing in the SBC is imposed
by the DC-DC converter operation, similar to a capacitor,
rather than solely relying on the battery itself. However, the
SBC retains the desirable property of having its voltage nearly
independent of the charge transferred during each cycle.

In order to gain a comprehensive understanding of the
battery’s lifetime under p-cycles, a thorough investigation is
required. The initial results obtained and previous research
studies have highlighted a strong correlation between the
depth of discharge (DoD) and the cycling endurance of bat-
teries. By carefully managing the depth of discharge during
micro-cycles, which is kept below parts per million (ppm)
level, it is anticipated that the battery’s cycling endurance
can be significantly extended compared to the limited full
charge/discharge cycles specified in battery datasheets. This
presents encouraging prospects for the long-term operation
of the DC-DC converter, as the battery’s lifetime can be
effectively prolonged by operating within the p-cycle range.
However, further research and analysis are necessary to delve
deeper understanding into the battery’s endurance under p-
cycles to ensure the sustained performance of the DC-DC
converter over an extended period.

The temperature robustness aspect has not been addressed
in detail within this paper. It is worth noting that batteries
generally have a lower operating temperature range compared
to capacitors, with upper limits rarely exceeding 80°C. This
temperature limitation may pose some challenges for certain
applications. However, in specific scenarios where low-power
power management is required, such as in human devices, the
slightly higher temperature range (around 37°C) could actually
benefit the power capability demonstrated in this paper at room
temperature (20-25°C). This is because the output impedance
of the batteries decreases with temperature, leading to an
improved power capability. Although the reduced energy ca-
pability at high temperatures may be a concern, it is important
to highlight that the batteries in this setup are utilized within p-
cycles, where the amount of charge used (@) is much smaller
than the total energy storage capacity (@) of the batteries.
Therefore, the impact of reduced energy capability at higher
temperatures is minimized. Further investigation and research
are necessary to confirm these trends and thoroughly explore
the temperature effects on the performance of the proposed
topology.

The proposed SBC operates in open-loop, and future work
requires exploration of closed-loop configurations to regulate
the output voltage. Frequency modulation, a popular control
solution in SCC [25], is not suitable for SBC, as the out-
put impedance is largely frequency-independent. A two-stage
control strategy could be explored: i) a coarse grain control
implemented by changing the sequence (as a gearbox in SCC
[26], [27]), and ii) a fine grain control using a LDO at the
SBC output. One benefit of the SBC’s low switching frequency
operation is that it limits the LDO PSRR requirement, helping
to reduce the quiescent current and thus maintain high power

efficiency at light loads [28]. Another possible route is a hybrid
version of SBC, as in SCC [29], [30], to allow duty-cycle
control, or resonant-based [31].

The ultra-low switching frequency is also beneficial for
lowering electromagnetic interference (EMI) experienced in
SCC, further reducing the input and output EMI filtering
requirements [32].

VII. CONCLUSION

In this paper, we have introduced the switched-battery con-
verter (SBC) as a novel type of DC-DC converter specifically
designed for ultra-low power applications in the milliampere
and below range. The SBC utilizes batteries as flying passive
components, enabling operation at extremely low frequencies
in the hertz range to minimize switching losses. Unlike tradi-
tional battery management systems, the SBC employs batteries
that experience p-cycle variations, resulting in significantly
different behavior compared to regular battery operation.

Compared to the more commonly used switched-capacitor
converters (SCC), the SBC offers several advantages. Batteries
in the SBC do not suffer from frequency-dependent output
impedance in a first-order approximation, allowing for ultra-
low switching frequencies and reduced losses at light loads.
The paper presents two SBC topologies for step-down con-
version, namely the 3:1 and 2:1 configurations, demonstrating
the feasibility and effectiveness of the SBC approach.

The experimental results show that the SBC achieves high
power efficiency, surpassing 90% for output currents greater
than 10 mA, even at a low switching frequency of 100
Hz. With a compact volume in the range of tens of cubic
millimeters, the SBC is well-suited for low-output-power DC-
DC converters up to several tens of milliwatts. Furthermore,
the unique charging and discharging characteristics of the
battery in the SBC result in significantly extended battery
lifetime, with reported lifetimes of up to 10° cycles without
degradation.

The paper also demonstrates the versatility of the SBC by
exploring its operation with different battery chemistries and
proposes a multiple batteries SBC configuration (3:1) to fur-
ther reduce the dependency between output and battery volt-
ages. These initial findings indicate that the SBC could be a
promising option for certain low-power DC-DC converter ap-
plications. With advancements in dense integration of batteries
in solid-state materials, the scalability of footprint and the use
of multiple batteries can further enhance the potential of the
SBC.
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